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Organelle movement is essential for plant growth and development and tightly regulated by ambient environmental conditions (Wada and Suetsugu 2004) . It is well known that light regulates chloroplast movement in various plant species . On the other hand, light-induced nuclear movement is found only in the prothallial cells of the fern Adiantum capillus-veneris Wada 1993, 1995) . In one-layered prothallial cells of A. capillus-veneris, nuclei are positioned on anticlinal cell walls (A-walls) bordering cells in the dark (dark position), and on periclinal cell walls (P-walls) under white light (light position), as a result of light-induced accumulation movement (Kagawa and Wada 1993 ); see Figure 1 for an illustration of the different nuclear positions. Polarized red or blue light induces nuclear movement to walls parallel to the vibration plane of the light, suggesting that the photoreceptors are localized on or close to the plasma membrane (Kagawa and Wada 1995) . Nuclear movement towards walls parallel to the vibration plane of polarized light is defined as accumulation movement. Although far-red light irradiation experiments indicated that the red light response is mediated by phytochrome and the blue light response by another blue light receptor (Kagawa and Wada 1995) , what kinds of photoreceptors are involved remained to be determined. Positioning of nuclei in response to non-polarized and polarized light is similar to those of chloroplasts (Kagawa and Wada 1994) .
In A. capillus-veneris, many photoreceptor genes have been cloned and some of them extensively characterized (Wada 2007) . Through mutant analysis, it was shown that the blue light receptor phototropin2 (phot2) mediates chloroplast avoidance movement (Kagawa et al. 2004 ) and that neochrome1 (neo1), which is a chimeric protein between phytochrome and phototropin (Nozue et al. 1998 , Suetsugu et al. 2005b , mediates red light-induced chloroplast movement Wada 1999, Kawai et al. 2003 ) and phototropism, both in protonemal and rhizoid cells (Tsuboi et al., 2006 In our experiments we used two alleles of phot2 and neo1 mutants: phot2-1 and phot2-2 (formally bhc8 and bhc7) for phot2; neo1-1 and neo1-2 (formally rap2 and rap27) for neo1. In addition, we tried to generate phot2neo1 double mutants. We previously showed that a double knockdown of NEO1 and PHOT2 genes using DNA silencing resulted in impairment of red light-induced chloroplast movement and the avoidance response (Kawai-Toyooka et al. 2004) . Since genetic crossing is almost impossible in this fern, ethylmethane sulfonate (EMS)-mutagenized phot2-1 spores were screened for the defect in red light-induced chloroplast movement and phototropism of protonemal cells mediated by neo1. Two possible double mutant lines, phot2-1neo1-101 and phot2-1neo1-102, were isolated. We were not able to PCR-amplify the NEO1 gene in phot2-1neo1-101, suggesting that this double mutant plant has a large deletion of the NEO1 gene (data not shown). In phot2-1neo1-102, the deletion of a guanine at 13 position from start codon of NEO1 gene, resulting in a premature stop codon, was found. To analyze dark positioning of nuclei and chloroplasts, prothalli of wild type, phot2, neo1 and phot2neo1 were dark-adapted for 1, 2 or 4 days. Dark positioning of chloroplasts (positioning to A-walls) was almost completed after 1 day in wild type and neo1, but both in phot2 and phot2neo1 a small number of chloroplasts remained on P-walls after 1 day, and did not become dark-positioned for at least 4 days (Fig. 2, 3 and 5). These results indicate that phot2 is needed for efficient dark positioning. However, phot1 (and possibly neo1) may also be involved in this late response. Alternatively, phot1 may be able to sustain the accumulation response for a long time in the dark, at least in the phot2 mutant background. In support of this, the dark reversion of photosensory domain of phot1 was much slower than that of phot2 (Kagawa et al. 2004 ).
In Arabidopsis thaliana, both phot2 and phot1phot2 double mutants lacked chloroplast 6 dark positioning (Suetsugu et al. 2005a) , suggesting that the deficiency in dark positioning in phot2 mutants may result from the absence of direct action of phot2 but not from longer sustaining of the phot1-mediated accumulation response in darkness. distinguish the two possibilities.
Nuclear accumulation to P-walls was observed in weak white light-adapted prothalli of all lines, suggesting that phot1 may mediate nuclear movement under weak light (Fig.   3 ). Similar to chloroplast photorelocation movement, strong white light induced nuclear avoidance movement in wild type and neo1, where nuclei moved towards A-walls as if they escaped from strong light (Fig. 3) . However, in phot2 and phot2neo1, nuclei were positioned on P-walls regardless of light intensity, and thus avoidance movement is completely absent (Fig. 3) , indicating that phot2 is the photoreceptor for avoidance movement of nuclei as is the case with chloroplast movement (Kagawa et al. 2004 ).
When light-adapted cells were irradiated with vertically or horizontally vibrating polarized red light, nuclei moved to A-walls or P-walls, respectively, in wild type and phot2 (Fig. 4) . Interestingly, nuclei and chloroplasts were positioned on A-walls regardless of the vibration plane of polarized red light in both dark-and light-adapted neo1 cells, indicating that nuclei and chloroplasts of neo1 are dark-positioned under red light (Fig. 4) . Therefore, neo1 is the red light receptor for the accumulation response for both nuclei and chloroplasts. Contrary to the situation in neo1, nuclei and chloroplasts moved to P-walls regardless of the vibration plane of polarized red light in phot2neo1, indicating that this double mutant is impaired in dark positioning (Fig. 4) . This result further corroborates the evidence presented above that phot2 is necessary for dark positioning.
Blue light polarized vertically or horizontally induced nuclear movement to A-walls or P-walls, respectively, in both dark-and light-adapted cells of wild type and neo1 (Fig.   5A , B). P to A movements of nuclei in light-adapted cells irradiated with vertically polarized blue light were impaired partially in phot2 and almost entirely in phot2neo1 mutants, at least after 1 day of irradiation (Fig. 5A, B) , indicating that phot2 contributes to this response to a greater extent than neo1. However, in dark-adapted cells of phot2 and phot2neo1 mutants, horizontally polarized blue light effectively induced nuclear 7 movement to P-walls as in wild type (Fig. 5A, C) . These results are consistent with previous results that A to P movement is faster than P to A movement Wada 1993, 1995) . Since the chloroplast accumulation response to P-walls was also induced in phot2neo1 mutants in response to blue light, it can be concluded that phot2, neo1 and possibly phot1 redundantly mediate blue light-induced nuclear and chloroplast movements.
In conclusion, nuclear movement has a similar mechanism to that of chloroplast movement: neo1 mediates red light-induced movement, while phot2 regulates the avoidance response and dark positioning. However, nuclear movement seems to be independent of chloroplast movement. For example, chloroplasts responded effectively to intermittent light irradiation, a short light pulse or mechanical stress, but nuclei did not Wada 1995, Sato et al. 1999) . Furthermore, when dark-adapted prothallial cells were irradiated with horizontally polarized red or blue light, nuclei took Nuclear movement mediated by members of the phototropin protein family appears to be conserved, at least in land plants. Although it is clear that chloroplast avoidance movement is essential for escaping from photodamage by strong light (Kasahara et al. 2002) , and the accumulation response must be necessary for efficient light capture by photosynthesis, it is difficult to imagine the ecological role of light-induced nuclear movement. Given that various photoreceptors (that is phytochrome and cryptochrome)
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Materials and Methods
Prothalli of Adiantum capillus-veneris L. were first cut into pieces with a Polytron (PT1200, Kinematica, Switzerland) and the fragments were grown under white light (20~30 µmol m -2 s -1 ) for 1-2 weeks (Kawai et al. 2003) . Prothalli less than 3mm in width and length were used for experiments. Prothalli were placed on the surface of an agar plate containing White's medium (Kagawa and Wada 1996) solidified with 0.5% agar in a 3 cm Petri dish, and covered with a cover glass of 3 mm thickness. Prothalli were cultured under unilateral red light (about 11 µmol m -2 s -1 ) for 1 day, or under unilateral blue light (about 6 µmol m -2 s -1 ) for 1 day. All cultural and experimental procedures were conducted at 25 ℃. Previous reports provide detailed descriptions of phot2 and neo1 mutants (Kawai et al. 2003; Kagawa et al. 2004 ). To isolate phot2-1neo1 double mutants, EMS-mutagenesis of phot2-1 spores and screening of red light aphototropic mutants were performed as described previously . Other details are the same as in Fig.3 .
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